INTRODUCTION
The fundamental unit of chromatin is the nucleosome, a 10-nm diameter, 6-nm thick 26 cylindrical complex assembled from eight histone proteins and wrapped ~1.65 times by 27 146 bp of DNA (Luger et al., 1997; Chua et al., 2016) . In cells, many nucleosomes bind 28 a linker histone, which stabilizes the two linker DNAs in a crossed conformation at the 29 entry/exit position. When isolated or reconstituted, this larger nucleosome complex is 30 called the chromatosome (Zhou et al., 2015; Bednar et al., 2017) . Chemically fixed 31 nucleosome chains can form highly ordered 30-nm fibers in vitro (Routh et al., 2008;  32 Song et al., 2014) , but these structures have not been detected inside cycling Eltsov et al., 2018) . While 36 the consensus is that in situ chromatin structure is irregular (Hansen et al., 2018) , the 3-37 D details of chromatin packing at the nucleosome level remain unknown. 38 39 Individual nucleosomes are challenging to identify in situ. The DNA-proximal negative- 40 stain approach (ChromEMT) suffers distortions from chemical fixation, dehydration, and 41 staining, resulting in large groups of nucleosomes appearing as amorphous elongated 42 bodies instead of sets of discrete particles (Ou et al., 2017) . For cryo-EM samples, 43 small high-contrast non-perturbative stains do not yet exist. Immuno-EM is also not 44 suitable for protein identification because (1) antibodies would freeze immediately upon 45 contact with any part of a cryo-EM sample, (2) the antibodies can only access the two 46 surfaces of typical EM samples, and (3) antibody-gold complexes are too large (> 10 47 nm) to unambiguously identify small complexes in crowded environments. Correlative 48 cryo-light/cryo-super-resolution microscopy can facilitate the localization of rare or 49 sparsely distributed complexes, but it does not yet have sufficient resolution to identify 50 individual nucleosomes in the crowded nucleoplasm (Chang et al., 2014) . Large multi-51 megadalton complexes have been successfully identified by their structural signature 52 (their size and shape) (Medalia et al., 2002) . This non-invasive approach could in 53 principle be done for smaller complexes like nucleosomes. We have therefore taken 54 advantage of sample-preparation, imaging-hardware, and image-processing advances 55 to determine the structures, positions, and orientations of nucleosomes inside a HeLa 56 cell. Our resultant subtomogram averages and remapped models reveal a first glimpse 57 of higher-order heterochromatin structure and folding up to the trinucleosome level in 58 situ.
59

RESULTS AND DISCUSSION
60
To determine how interphase mammalian chromatin is organized in situ, we performed 61 Volta phase-contrast cryo-electron tomography (cryo-ET) on a 62 HeLa cell that was thinned with a new cryo-focused-ion-beam (cryo-FIB) milling 63 workflow (Medeiros et al., 2018) . The resultant cryotomogram shows exceptional detail, 64 such as the clear delineation of membrane leaflets and a nucleoplasm densely this study, we purify the nucleosomes "in silico" by combining template matching with 3-75 D classification (Bharat and Scheres, 2016) , which we previously showed to be 76 sensitive enough to identify nucleosomes of different linker-DNA conformations in 77 nuclear lysates (Cai et al., 2018 ). To minimize model bias, we used a featureless 78 cylindrical reference ( Figure 2A ). This approach reveals a single 3-D class average that 79 has the nucleosome's unmistakable structural signatures: the left-handed wrapping of 80 DNA, with the groove between the two gyres clearly visible at the position opposite of 81 the DNA entry/exit site ( Figure 2B ). Like all crystal and cryo-EM structures, the 82 nucleosome class average has two-fold symmetry around the dyad axis. Negative 83 control 3-D classification of cytoplasmic densities that were template matched the same 84 way did not produce any nucleosome-like class averages (Supplemental Figure S1 ). Volta phase plate. The pixel size at the specimen level was 3.45 Å. Tilt series covered 210 an angular range from -60° to +60° with 2° increments. The total dose of a tilt series 211 was 120 e -/Å 2 . Tilt series and 2-D projection images were acquired automatically using 212 SerialEM (Mastronarde, 2005) . Three-dimensional reconstructions and segmentations 213 were generated using the IMOD program suite (Mastronarde, 2008) . To increase the 214 contrast, the tilt series was binned two-fold in the IMOD program Etomo, resulting in a 215 final specimen-level pixel size of 6.9 Å. 
